Abstract -The linear variable reluctance motor (LVRM) is a motor used in linear applications converting electromagnetic energy into linear movement and thrust. This paper aims at the analytical design of the machine and its validation through the finite element method. The design of a unilateral LVRM model of longitudinal flux type with passive translation movement is developed through the output power equation of the variable reluctance machine (VRM). The finite element analysis (FEA) is applied in order to check the values of inductance, the normal forces and propulsion. The FEA is also necessary to observe the undulation factor (ripple force), highly present in LVRM's, which produces vibration and acoustic noise. The analysis of the relationship between polar arcs and polar pitches plays an important role in the development of LVRM's output force in the reduction of motor weight and volume. The LVRM model is developed from desired parameters, the maximum length of the stator, maximum speed and mass of the translator; through the design of a variable reluctance rotary motor (VRRM). The VRRM specifications are then converted into its linear equivalent.
Introduction
Linear machines become more attractive as they are used in applications that require linear motion, in which the load can be directly coupled to the moving part, without the need for mechanical conversion (i.e. rotational to translational movement). In [1] , a linear vertical propulsion application for an elevator is presented. In [2] , a high-precision position control application is discussed. Moreover, in [3] , a doublesided linear machine is developed to be used to drive automatic door. Induction motors and permanent magnet linear synchronous motors offer solutions in various industrial applications, particularly where high dynamic performance is required [4] . The linear motors are obtained from the conventional rotary motor in which the stator and the rotor are linearly extended and cut. Although the principle of operation is exactly the same, there are certain differences in relation to rotary motors such as increased length of the air gap and the stator smaller than the guide rail, causing edge effects [5] .
The linear variable reluctance motor (LVRM) has simple constructive characteristics with concentrated coils. In addition, because of the need for DC power supply, the converter has a low number of switching devices [6] . However, LVRM has some disadvantages such as high ripple factor on force, vibration and acoustic noise due to double salient structure [7] . There are two types of LVRMs: transverse and longitudinal flux motors. The flux path in cross-flux configuration occurs in the machine moving part direction of movement. This is of more simple construction, is mechanically robust and has less eddy current losses, since the flux is in the same direction of movement [8] . The movable part or rail and the fixed part (stator) are made up of laminations of steel shaped to form the poles [9] . The coils may be fixed both in the fixed part and the moving part. The project developed in this work has the coils attached to the fixed part, because of this it is called the active part, and the rail is the passive part. This topology is advantageous because the active part is smaller than the rail, drastically reducing the use of copper to manufacture the coils. The variable reluctance machine (VRM) is configured such that pairs of coils are connected in series and excited at the same time. The torque is produced by the tendency of the movable part to align at the position where the inductance of the excited coil is maximized [9] . That is, when the pole of the movable portion completely overlaps the poles of the fixed part. The total misalignment is the position where the pole of the fixed part is aligned exactly with the center of the movable rail slot and the inductance of the excited coil is a minimum. The normal force generated tends to decrease the length of the air gap, which is the upward force experienced by the translator. It is caused by the incremental stored magnetic energy during the incremental displacement perpendicular to the translation.
The design of a LVRM four phases unilateral (single-sided) of the longitudinal flux type with fixed active part and passive moving part is studied in this research through FEMM software (Finite Element Method Magnetics) developed by David Meeker with the help of the LUA language. The advantage of using a four-phase LVRM is that this produces less acoustic noise and lower ripple factor in force when compared to a three phase LVRM. The procedure proposed in [8] uses the design of a variable reluctance rotary motor (VRRM) to convert the specifications of the linear machine in its rotating equivalent. The design of the machine is then developed in the rotational field, which is subsequently transformed into the linear domain and the dimensions are chosen [9] . Fig. 1 shows the cross section view of the structure of an ordinary four-phase longitudinal flux machine. The LVRM contains an active stator (fixed coils) with 8 poles and a passive translator with 8 sequential poles, corresponding to the 8 poles configuration in the stator and 6 poles in the rotor of the 8/6 VRRM rotating machine. Unlike the structure with passive stator and active translator, there is no reverse flux at the time of phase current switching [8] .
Sizing and Topology of LVRM
For the translator to move to the left, the pairs of coils bb', cc', dd' and aa' should be excited in sequence when the position of the poles enter the inductance growing region. 
A. Output power and parameters of VRM
The model is derived from the output equation for the VRM. This relates the outer diameter of VRRM, length, speed, and the electric and magnetic loading with the machine output power [6] . The output power of the equation is given by
P -output power, ke -efficiency, k1 =  2 /120, k2 -variable based in the operating point, kd -duty cycle, Bg -flux density at the air gap, Asp -specific electrical loading, D -internal diameter, vm -maximum speed.
The electromagnetic conversion efficiency ke is between 0.3 and 0.4. In general, the constant k2 is chosen from
The specific electrical loading is in the following range:
25,000 90,000
The maximum power is developed when kd =1. The stack width L is given by
where k for general applications is selected from
From the dimensions and mechanical characteristics desired -moving part length, maximum speed of the vehicle, acceleration time and maximum load in the translator system -for the LVRM project, the above variables and power capacity, all dimensions of LVRM are calculated [10] . The motor power capacity is given by [8] =
where M -mass of the translator system, v 2 m -maximum speed, ta -acceleration time.
Finding the value of P from eq. (6), the variable D is calculated from eq. (1).
1)
Minimum polar arcs to start: The right choice of polar arches is critical in maintaining the average torque produced. This is positive in region of growing inductance since the phase current does not enter the region of inductance decline. In order to maintain the starting torque continuous [11] , the minimum polar arc in the stator should be chosen by min =
where Ps and Pr are respectively the number of poles of stator and translator in the rotary equivalent. While the translator polar arc must be greater than or at least equal to the stator polar arc:
However, due to the high inductance in the poles aligned region and the complexity in controlling the switching current [8] , the rotor polar arc must be greater than the stator polar arc in order to avoid producing negative torque and to improve the driver operational simplicity [8] . But not so greater that the increase on volume of magnetic material increase without feasible gain. Fig. 2 shows the torque generation when the rotor polar arc is greater than the stator polar arc. In this case, any negative output torque doesn´t exist. Other advantages arise when the rated current is kept constant throughout the growth inductance region, increasing the average torque produced when compared to the case in which the polar arcs are equal.
B. Selection of the VRRM dimensions
The thickness of the stator yoke C is given by =
where s is the angle of stator polar arcs. The external Fig. 2 . Effect of rotor polar arc larger than the stator polar arc stator in the production of torque [8] .
diameter D0 is 1.4 to 2.5 times larger than the inner diameter. The stator pole height is, then, computed by
The width of the rotor yoke Cry is =
while the rotor pole height is given by
The number of turns per phase Tph is calculated by maximum rated current permitted by the machine, i, length, g, and the magnetic field strength in the air gap Hg
For the dimensioning of the coil, the area and diameter of conductor, ac and dc, are respectively given by
where J is the maximum current density allowed in the coil and m is the number of phases.
C. Converting rotary to linear parameters
The active stator fixed structure and passive moveable translator, the stator and the rotor of the VRRM initial design, corresponds respectively to the stator (active) and translator (passive) of LVRM considered in this case. Thus, the LVRM stator contains 8 poles, Tsp, and the translator has 6 poles, Ttp. The widths of the pole and the stator yoke, wss and wsp, are respectively
The widths of the pole and the yoke of translator, wtp and wts respectively, they are
Therefore, the length of the stator is given by
The width of LVRM stack is equivalent to RVRM, so
The number of coil layers vertically and horizontally, Nv and Nh respectively, are given by
where Ff is the fill factor of the coil and w is the distance between the height of the pole and the height of the coil, called wedge. The area of the coil is then obtained by =
And the fill factor is given by =
The range of Ff values so that the coils do not touch one another is 0.2 < Ff <0.5.
D. Model dimensions
The LVRM is designed so that the translator has a five (5) meter length, Lt; the translator reaches a maximum speed (vm) of 0.357 m/s and has an acceleration and deceleration time, ta and td, both respectively equal to 1 second; and the translator mass M, is restricted to 274 kg. The maximum acceleration force, Fa produced by the active parte (the stator) is given by the following equation = * (27) where aa is the maximum acceleration of translator given by =
For the VRRM design, the minimum stator polar arc is given by (7) (2)- (5) as follows: ke = 0.35. kd = 1, k2 = 0.72, k = 0.5, Bg = 0.98 T, Asp = 41576.84. Bg and Asp are chosen by trial and error so that the flux density in the translator has its value at the "knee" point of the magnetization curve; and the acceleration force match with the simulated propulsion force through the finite element method (FEM). Equations from (1) to (28) are used in the initial calculations of the LVRM design. Table I shows the calculated dimensions and materials chosen. The magnetization curve for the magnetic material used is shown in Figure 3 . 
Finite Elements Analysis
The use of Finite Element Method (FEM) simplifies solving problems, dividing the solution domain into several sub-areas (i.e. triangles) in order to bring the solutions of the magnetic vector potential A to a more precise solution [12] . The finite element analysis involves four steps [13] :
 Discretization of the solution region in a finite number of elements;  Equations governing the problem for a typical element;  Assembly of all the elements in the solution region;  Solution of equations system obtained.
 The application of FEM is divided into three stages:
preprocessing, processing and post-processing. A. Magnetostatic modeling 
= 0
where is the magnetic field intensity, is the magnetic field density and is the electric current density. For the modeling to be complete constitutive relations and boundary conditions must be met.
The LVRM design through the output power equation is verified through the inductance characteristics and normal and propulsion forces dependent of the translator position. 
B. Ratio of Pole Arc to Pole Pitch
The pole pitch is the angle, or linear dimensions' length formed between two consecutive poles. The ration between the polar arcs and polar steps, defined as pole enclosure, is an important variable in LVRM design. The pole pitch in radians is given by =
and the ratio is given by
The analysis of the effects of variation of the polar arc is made in a way of that pole enclosure ratio keep constant. Note that the ratio (8) must be maintained in order to avoid producing negative torque, which reduces the ripple factor and hence the generation of noise [8] . Fig.9 shows the variation of thrust force as a function of the ratio of the polar arc and the pole pitch of the rotor pole enclosure.
The current configuration has a pole enclosure of 0.33. Indeed, it is one of the best possible configurations taking into consideration the propulsion force and the amount of magnetic material necessary for the construction of the motor.
C. Force ripple
The ripple factor can be determined from the variations of the propulsion force. Fig. 10 shows the maximum and minimum forces through two consecutive phases.
Assuming that the maximum static force Fmax and the minimum value that occurs in two intersection points of two consecutive phases as Fmin [7] , the percentage of ripple factor can be defined as % = . 100 (33) Figure 9 . Propulsion force curve relatively to the ratio between translator polar arc and the pole step. Through (33), the percentage of ripple factor is approximately 15%, which indicates a good value for the LVRM given configuration. There is a proposal for minimization of ripple force using "pole shoes" [14] . However, it is a technique which makes the machine construction more difficult and adds good margin for reducing the ripple force.
Conclusions
The model designed for verification through FEMM is based in the output equation similar to the conventional ac machines. The results obtained were analyzed since the misalignment of poles until the complete alignment of poles of the machine. Inductance profiles, the normal and propulsion forces are compatible with the initial parameters of LVRM design. The acceleration force calculated by (27) required to translator movement is 97 N. Therefore, the value of the force obtained through the simulation was approximately 100 N, applying a rated current of 10 A, indicating that machine dimensions are appropriate to the suggested application.
As for the ripple factor, the four phases motor presented generates a percentage of about 15%, which is a good result compared to the three-phases LVRM's, generating a percentage of around 50% to 60%. The ratio of polar arches and polar pole steps is good, provided for the stator and translator, the values are 0.33 and 0.35, respectively. This result shows that the motor produces enough propulsion force to drive the load, maximizing efficiency with respect to use of resources or materials needed to manufacture the motor. Hysteresis effects and optimization of the dimensions of LVRM can be analyzed in future studies in order to improve the cost/benefit ratio of the machine.
